Several electrokymographs were subjected to study of their recording fidelity. Distortions were found in respect to time and amplitude of recorded response. The recording defects were analyzed quantitatively, and the degree to which the various components of the electrokymograph contribute to these distortions was measured. The significance of these deviations in recording fidelity is discussed in reference to the application of the electrokymlograph to the study of cardiovascular dynamics.
cies to appear on a fluoroscopic viewscreen. The process of electrokymography interposes another small rectangle of fluoroscopic screen placed perpendicularly to the moving border of the desired objective. The changes in intensity of illumination of this screen are converted by a photomultiplier tube to changes in millivolt output from the tube. These millivolt changes are recorded by an electrocardiograph after passage through an electrical filter. The filter is a complex system of condensers and resistors, designed to eliminate the 120 cycle per second pulsations of the x-ray beam without interfering with the lower frequency changes in fluoroscopic screen illumination.
As with any apparatus, knowledge of the recording fidelity is essential. Wave motions generated on the fluoroscopic receptor slot might be distorted in each of the several essential components of the electrokymograph: (1) The fluoroscopic screen, (2) the photomultiplier tube, (3) the filter, and (4) the electrocardiographic recorder. Distortions of two general From the Robinette Foundation of the Hospital and the 1\Ioore School of Electrical Engineering, University of Pennsylvania, Philadelphia.
This study was supported in part by a grant of the National Heart Institute, U. S. Public Health Service. 197 types are possible: Those related to amplitude and those related to time. This study was designed to determine the amplitude distortion and time lag of the electrokymograph.
FIDELITY OF THE ELECTROKYMOGRAPH IN
RECORDING AMPLITUDE In a previous study,7 preliminary testing of the electrokymograph showed two major classes of errors in recorded amplitude: (1) Those concerned with the linearity of the phototube unit, i.e. the deviations from a constant amplitude of response when a standard stimulus is applied to different areas of the fluoroscopic screen, and (2) those concerned with the frequency response of the apparatus, i.e. the deviations from a constant amplitude of response when a standard stimulus is applied at varying frequencies.
Linearity
The electrocardiographic recorder and the filter, as component parts of the electrokymograph, record changes in output of the photomultiplier tube as a linear function of voltage, provided that the frequency remains constant.* However, the phototube unit itself does not convert changes in illumination into millivolt output in uniformly linear fashion. Ideally, the exposure of any unit area of the small fluoroscopic screen of the phototube to an x-ray beam * This can be demonstrated b)y applying the output of an oscillator to the input of the filter and to an oscilloscope in parallel. The recorded amplitude from a 2 millivolt stimulus will be found to be twice as great as that from a 1 millivolt stimulus at any given frequency.
Circulation, lolume II, August, 1950 ELECTROKYM1OGRAPH: RECORDING FIDELITY of constant intensity should result in a millivolt output from the tube equal to that resulting from the exposure of any other unit area of equal size. If such were the case, the shape and magnitude of the deflections recorded from a moving border would be independent of the position of the shadow of the border on the screen, provided it remained on the screen throughout the cycle. The metal slot which bounds the fluoroscopic screen of each of three commercial phototubes (one of type A, two of type B) was found to be approximately 25 mm. in length. Thus ideally, a zone 18 mm. in length would be available for centering, while recording deflections produced by a border movement of 8 mm. magnitude.
Such ideal uniformity of the receptor zone was found in none of the instruments when the actual linearity of phototube reception was tested as follows: Each phototube was placed in a horizontal position, with the receptor slot lying uniformly in the path of an x-ray beam. Immediately in front of the slot was a sheet of lead into which a vertical slit, 2 mm. in width, was cut. This lead sheet was so mounted that the x-ray beam through the slit could be made to expose any area of 2 mm. width on the reception screen. Since the electrical system would not record direct current output of the photomultiplier tube, it was necessary to obstruct intermittently the entire x-ray beam with a second lead sheet, which was moved back and forth at 0.3 second intervals. The magnitude of the deflections was then recorded as the slit of the first lead sheet was moved in successive 1 mm. steps across the length of the slot of the phototube unit.
The results of measurements so recorded with a phototube of type "A" are graphically illustrated in figure 1 , expressed in terms of percentage of the maximum deflection recorded.
It will be observed that the magnitude of the response to a given stimulus is highly dependent upon the portion of the receptor screen to which the x-ray stimulus was applied. The response is relatively constant, with a maximum error of 15 per cent, within a zone 9 mm. in length near the middle of the screen. If a maximum error of 30 per cent is tolerable, 14 mm. of screen may be used. Beyond these limits, the error becomes very large. It is also to be noted that the geometric center of the screen, (indicated on the commercial units by projecting metal knobs) is appreciably displaced toward the free end of the tube from the center of the zone of maximum linearity. Similar testing of two phototube units of type "B" gave practically identical results. The centering knobs were likewise displaced about 2 mm. toward the free end of the tube from the center of the zone of maximum sensitivity.
Frequency Response
As reported previously,7 increased frequency of repetition of a stimulus of fixed magnitude* caused a decrease in the amplitude of the re- sultant electrokymographic tracing. The essential components of the electrokymograph contribute in varying degrees to this total effect. Studies were undertaken (1) to demonstrate the frequency response characteristics of each of these components, and (2) to show the effects on cardiovascular wave forms of these response characteristics. Various electrokymographs * The standard stimulus consisted of a wave generated by the rotation of a circular lead disk mounted eccentricallv on the shaft of a variable speed motor. The x-ray tube, lead disk, and phototube are aligned (with the phototube receptor slot perpendicular to the edge of the disk) in a manner such that the x-ray beam falling on the phototube is interrupted by the edge of the rotating lead disk. For practical purposes the resultant wave closely approximates a pure sine wave.
were tested, including noncommercial and commercial types. In studying the frequency response effects of the individual components of the electrokymograph, certain alterations were made to permit the use of direct light stimuli. Such experiments were confined to the noncommercial models, and the commercial electrokymographs were not altered for use with direct light. The frequency response characteristics of the various components were tested as follows: 1. Frequency Response of Electrocardiographic Recorders Four types of instruments (string galvanometer, electronic galvanometer, direct writing recor(ler-A, direct writing recorder-B) were tested by direct coupling with an oscillator generating a sine wave from 20 to 150 cycles per second. As shown in figure 2, with three of the instruments, the response was almost linear up to 60 cycles per second; at higher frequencies, one of these (direct writer-A) maintained amplitude to 90 cycles per second while the other two lost amplitude beyond 60 cycles per second. The fourth instrument (direct writer-B) lost amplitude rapidly at frequencies over 40 cycles per second.
2
. Frequency Response of Photomultiplier
Tubes-By substituting translucent paper for the strip of fluoroscopic screen, the photomultiplier tube can be subjected to a direct light stimulus in place of the x-ray. The light source is adjusted so that the phototube output is of the same order of magnitude as that resulting from stimulation of the fluorescent screen by x-ray. In this way, the conversion of light into millivolt output can be studied, while it is subjected to frequency changes caused by interposing the rotating disk described above. These effects are recorded directly by the electrocardiograph. Thus, the frequency response curves so obtained, minus the known curves for the electrocardiographic recorders as determined above, give as a difference the frequency response of the photomultiplier tube. Frequency response curves of electronic recorder as compared with that of the same recorder with stimulus supplied through a photo-multiplier tube: The curves are seen to be practically identical indicating that the phototube itself has little influence upon frequency response. been eliminated. As seen in figure 3 , the curves for phototube and electrocardiograph together are similar to the curves for the electrocardiograph alone, thus showing little frequency response change in the photomultiplier tube.
3. Frequency Response of Fluoroscopic Screens -The effects of the strip of fluoroscopic screen would be demonstrated by the difference between the direct light response of the phototube directly coupled into the electrocardiographic recorder, and the x-ray response of the phototube directly coupled into the same recorder. This is difficult to compare, because the x-ray response is disturbed by the cyclic interference of the x-ray beam if it is not passed through a filter. Therefore, the same filterXwas added to l A 199 NIC RECORDER ALONE
both the direct light and to the x-ray systems. The difference will still represent the effect of the fluoroscopic screen. As seen in figure 4 , this difference is very small, indicating only minor frequency response effects in the fluoroscopic screen within the frequency ranges tested. 4. Frequency Response of Filters-It is obvious from the tests of the other components, which have been shown to have relatively minimal effects on frequency response, that the filter must account for most of the total frequency response characteristics of the electrokymograph. The ideal filter would be one which cut off only the 120 cycle pulsation of the x-ray beam, without interfering with stimuli of any other frequency. Actually, however, as a filter approaches perfection in eliminating interference at 120 cycles, it also interferes appreciably with stimuli at other frequencies. To test the effect of the filter on frequency response, it is necessary to compare the response curves resulting with and without the filter. With the x-ray as a stimulus, however, there is considerable interference when no filter is included in the circuit. Therefore, the phototube head was adapted for use with direct light as described above, and the curves compared with and without the filter, all other factors being held constant. Figure 5 shows the frequency response curve of a noncommercial filter as determined by this method. Several other noncommercial models were tested and the filters varied in the degree to which they affected the magnitude of response at different frequencies. A major reduction in frequency response was observed with each of these filters. FIG. 6. Frequency response curves of the electronic recorder and phototube unit as compared with similar systems with the addition of a fluoroscopic strip and filter as employed in three commercial instruments supplied by two different manufacturers: The magnitude of amplitude loss with increasing frequencies is large but not so great as with the noncommercial filter illustrated in figure 5.
Frequency Response Characteristics of Com-
mercial Models-From the above studies, it is apparent that the filter accounts for nearly all the frequency response effects of a given electrokymograph. Therefore, no attempt was made to convert the commercial models for use with direct light to study the effect of the various components. For practical purposes, it -S is sufficient to test the total effect of each apparatus, and figure 6 shows these response curves for each of three commercial models. The deviation from linearity is seen to be considerably less than with instruments using noncommercial filters, but still of considerable magnitude. 6 . Frequency Response of the Electrokymograph in the Recording of Cardiovascular Motions A wave of any peculiar shape may be synthesized by adding together pure sine waves of various frequencies each at a particular amplitude.
FIG. 7. Electrokymographic recordings from the aorta (top) and from the pulmonary artery (bottom):
For each pair, the same phototube unit was employed. In the upper tracing of each pair, a "poor" filter was inserted between the phototube and electronic recorder, whereas in the lower tracing a standard commercial instrument was employed. A "smoothing out" of the upper, overdamped curves is apparent as well as a "time lag" ill response.
Conversely a complex wave may be considered to be built up of sine waves of various frequencies and amplitudes. Thus, in order for an instrument to reproduce faithfully a voltage having a particular wave shape, it must be capable of reproducing equally well all the component sine waves present in that wave. These principles may be applied to the use of the electrokymograph in recording cardiovascular motions in the following example: The motion frequency of the major components of the dicrotic notch are at a higher frequency than those of the ejection curve. Unless the frequency response is linear, the higher frequency motions of the dicrotic notch will be recorded with relatively lesser amplitude than the lower frequency motions of the ejection wave. If this percentage reduction is great, as in an electrokymograph with a "bad" filter, the dicrotic notch may be completely lost from the wave form. Figure 7 illustrates the difference in aortic and pulmonic movements from one patient simultaneously recorded through two different electrokymo-FIG. 8. The frequency response and the time lag between stimulus and response of various systems employed in electrokymography: A mechanically generated sine-wave stimulus of fixed amplitude has been recorded in unfiltered form (A) through three commercial electrokymographs (B, C and D) and through a noncommercial one (E). The frequency response effects are those which have been graphically illustrated in figure 6 . At the peak of each sine wave an electrical microswitch was stimulated. It is seen that the stimulus and response coincide at all frequencies with system A. With each of the other systems the response is appreciably delayed. In the frequency range between 3 and 35 cycles per second, the delay remained fairly constant for each of the commercial instruments (B, C, and D), ranging from 0.01.5 to 0.02.5 second. For the noncommercial system (E), the lag at low frequencies was greater and at higher frequencies was about the same as with the commercial recorders. graphs, one of which has a "bad" filter. Note the smoothing out of the wave and the tendency to loss of the dicrotic notch as recorded through the inferior instrument. The term "overdamping" 8 is commonly applied to this phenomenon. In the illustrations of some publications dealing with electrokymography, the wave forms have an appearance suggesting that an overdamped instrument was used. During certain experiments designed to test the frequency response characteristics of the electrokymograph, a standard sine wave was recorded both by direct couple and after passage through a filter. The resultant waves recorded simultaneously did not superimpose, but rather the filtered wave definitely lagged in reference to the unfiltered wave.
To study this phenomenon, a switch was mounted on the eccentric cam in a manner such that a closed circuit would mark either the exact peak or valley of the sine wave. Thus the lag between this signal and actual recording of the corresponding point of the wave could be measured. In this manner, the time lag of various electrokymographs was determined at different frequencies. This time lag should vary with different electrokymographs, and also with the same electrokymograph at various frequencies, depending chiefly on the characteristics of the filter.* The time lag in the phototube and in the electrocardiograph should be negligible. Thus, sine waves recorded by direct light with no filter show no measurable lag (see figure 8A ). Figure 8 shows the time lag of three commercial electrokymographs (8B, C and D) and one noncommercial model (8E) at various frequencies up to 35 cycles per second. The loss of amplitude with increase of frequency is also illustrated.
DIscussIoN
The electrokymograph has been employed to record border movements and changes in roentgen opacity of the heart and great vessels. Ideally, the recorded movements should be simultaneous with and directly proportional in magnitude to the dynamic events being investigated. Actually, the commercial instruments tested deviated from these ideals in three important respects:
1. The sensitivity of the various portions of the reception slot of the phototube was not * For the type of circuit employed in these filters the time delay decreases with increasing frequencies, falling to zero at the frequency to which the filter is tuned.
uniform. Toward each end of the slot the sensitivity was reduced drastically. The most sensitive portion was near the center, but in this zone, only 9 mm. was available if an amplitude error of not greater than 15 per cent was tolerable. The center of this zone of relative linearity was displaced about 2 mm. toward the base of the tube from the geometric center of the slot, indicated on the instrument by the centering knobs. Thus, it is theoretically possible to record a movement of not greater than 8 mm., with an amplitude error of not greater than 15 per cent, provided that centering of the image is maintained within 1 mm. of the center of the maximum sensitivity zone. With most careful technic it is difficult to maintain centering within a zone of less than 4 mm. (the knobs are 3 mm. wide), and it is customary to center at the diastolic position of the boider rather than at the midpoint of the range of excursion of the border. Thus, although most border movements to be recorded are of 4 mm. amplitude or less, the entire excursion of the border movement is kept within the linear zone only with most careful attention to technic. If the centering knobs are employed, any excursion of more than 2 mm. beyond the edge of the knob toward the free end of the tube will be recorded with appreciably reduced amplitude. The significance of these observations as they pertain to interpretation of wave amplitudes and wave shapes is apparent. 2. A time interval elapsed between the instant at which a movement occurred and the instant at which it was recorded. The amount of this time lag in a given instrument depended upon the rapidity of the movements. For the commercial instruments, this time lag ranged from .015 to .025 second within the frequency range tested. For many of the purposes to which the electrokymograph has been applied, this limitation of the instrument has no bearing upon the interpretation of the results. Obviously it has little influence on the interpretation of gross alterations of wave form as, for example, in paradoxical movement of infarcted myocardium. Likewise, there is no error in determining time differences betw een two dynamic events electrokymographically recorded, when each is compared with a third event (e.g. in 202 determining bundle branch block by delay of electrokymographic pulsations of either the pulmonary artery or aorta as compared with the carotid pulse8). However, where the instrument is to be employed in the direct time correlation of dynamic events with murmurs, sounds, or electrical activity, the time lag may be of considerable importance. If the time lag of the particular instrument employed has been established, an approximate correction can be made, since within the range of frequencies with which one is concerned, the time lag is reasonably constant.
3. The recorded amplitude of a movement of standard magnitude diminished with increasing rapidity of the movement. The influence of this frequency response characteristic of each instrument as applied to complex wave forms is difficult to assess quantitatively. The degree of frequency change resulting from simple variations in pulse rate is probably too small to have any appreciable bearing. Conversely, an important distortion in the finer details of wave shape, especially of rapid movements such as those manifested in the dicrotic notch, must occur. This probably accounts, at least in part, for the "smoothed out" appearance of recordings from the aorta and pulmonary artery. In many records, especially from the aorta, the dicrotic notch is either absent or indicated merely by a deviation of the downstroke from the peak of the ejection wrave.
In these studies a quantitative analysis of the recording fidelity of three commercial instruments has been made. The linearity characteristics of the phototube receptor slot will probably be found to be essentially similar in all instruments. The time lag and frequency response characteristics vary from instrument to instrument. These are almost entirely contingent upon the characteristics of the filters employed in damping out the cyclic pulsations of the x-ray beam. We have studied only those instruments adapted for use with a 120 cycle, full-wave rectified fluoroscope. Instruments are also in use with 60 cycle, half-wave rectified x-ray equipment. Since a filter tuned to 120 cycles is characteristically sharper than one tuned to 60 cycles, the time lag and frequency response characteristics of the latter instru-ments are likely to be appreciably farther flom the ideal of recording fidelity than the instruiments which we have tested.
It is apparent from these studies that for many of the problems to which the electrokymograph has been and will be applied, an exact measure of the recording characteristics of the specific instrument employed is essential to the accurate interpretation of the results. SUMMARY 1. Studies were made of the recording fidelity of several electrokymographs including three commercial models. Investigation was directed toward the quantitative estimation of defects in linearity, frequency response, and time lag. From these studies it was possible to differentiate the contribution of each component part of the electrokymograph to the defects observed.
2. From the ideal of instantaneous recording, directly proportional in magnitude to the dynamic event under study, deviations wdere of three types: (a) The sensitivity of the receptor slot of the phototube was not uniform. (b) A time lag, varying in these instruments from .015 to .025 second, between the event and the recording of the event, was observed. This was almost entirely a function of the filter. (c) The recorded amplitude of a movement of standard magnitude diminished with increasing rapidity of the movement. This was also a function of the filter.
3. The significance of these deviations from ideal recording fidelity, as applied to the clinical use of the electrokymograph in the study of cardiovascular dynamics, is discussed.
